Low-complexity protein domains promote the formation of various biomolecular 16
Nuclear speckles concentrate various factors involved in the regulation of gene 72 expression, mRNA processing and export (Galganski et al., 2017; Spector and 73 Lamond, 2011) . Like other condensates, speckles are highly dynamic (Phair and 74 Misteli, 2000) , display droplet-like properties (Kim et al., 2019; Marzahn et al., 2016; 75 Misteli et al., 1997) , and have both core and peripheral components (Fei et al., 2017) . 76
In addition to protein components and nascent mRNAs, speckles also contain non-77 coding RNA that is thought to regulate splicing factor activity and alternative splicing 78 indicating that condensation can occur at typical cellular protein concentrations (Hein 136 et al., 2015) . Quantification of in vitro assembly and in vivo speckle association reveals 137 similar length dependency ( Figure 1E ). Thus, RD repeat condensation and speckle 138 incorporation appear to be governed by the valence (number) of RD motifs. 139
To further examine MCD behavior, SPA-5 MCD and RD 50 were produced as 140 mGFP-fusions ( Figure S1F ). Proteins were purified in high salt, followed by dilution 141 into a low salt buffer to allow condensation. In this assay, both mGFP-RD 50 and mGFP-142 SPA-5 MCD condense into spherical droplets as observed by fluorescence and BF 143 microscopy ( Figure S1H ). However, unlike the untagged proteins, this behavior 144 requires the addition of a molecular crowding agent (Polyethylene glycol at 10 % (w/v)), 145
suggesting that the mGFP moiety tends to counteract condensation. mGFP-RD 50 146 droplets are metastable, maturing into rods over time. Fluorescence recovery after 147 photobleaching (FRAP) of newly formed mGFP-RD 50 and mGFP-SPA-5 MCD droplets 148 is extremely limited, indicating that both condensates undergo an internal gelation 149 transition ( Figure 1F ). 150 151
Naturally occurring MCDs promote nuclear speckle assembly 152
To explore the functions of MCDs in mammalian cells, we searched the human 153 proteome for sequences of greater than 60 amino acids in length with a fraction of 154 charged residues (FCR) 0.7 and a positive to negative charge ratio from 1:0.7 to 155 1:1.3. (Table S1 ). The output from this search is enriched for the speckle gene 156 ontology (GO) term (Fold enrichment (FE) = 5.55, False discovery rate (FDR) = 157 8.89´10 -9 ). Because a number of speckle proteins contain arginine-serine (RS) 158 dipeptide repeats, which are regulated by phosphorylation (Colwill et al., 1996; Gui et 159 al., 1994; Zhou and Fu, 2013) , we also conducted the search including known 160 phosphorylated serine residues as providers of negative charge (Table S1 ). This 161 produces a further enrichment for the speckle GO term (FE = 7.63, FDR = 1.04´10 -162 27 ). We next selected groups of arginine (R)-or lysine (K)-enriched MCDs (R-MCDs 163 and K-MCDs) and examined their cellular localization as mGFP-fusions ( Figures 2A,  164 2B, S2A-C and Table S2 ). R-MCDs from known nuclear speckle proteins, including 165 the U1snRNP subunit U1-70k (snRNP70) (Bringmann and Lührmann, 1986; Verheijen 166 et al., 1986) and the pre-mRNA cleavage and polyadenylation factor CPSF6 167 (Rüegsegger et al., 1998) , are sufficient to promote speckle association. R-MCDs 168 found in proteins that have not been previously localized to speckles are also sufficient 169 for speckle incorporation. These include the polyadenylation factor FIP1L1 (Kaufmann 170 et al., 2004) , and the RNA polymerase II elongation regulator NELF-E (Yamaguchi et 171 al., 1999) . By contrast, K-MCDs from the nonsense mediated decay factor UPF2 172 We next sought to examine R-MCD function in the full-length spliceosome 188 component U1-70k. U1-70k localizes to the speckles and foci corresponding to snRNP 189 assembly bodies known as nuclear GEMs (Stejskalová and Staněk, 2014; Verheijen 190 et al., 1986) . In addition to the R-MCD examined above (MCD1), U1-70k contains a 191 second smaller R-MCD (MCD2) ( Figure 3A 
RS-domains appear to be phosphorylation-regulated MCDs 234
Arginine-serine (RS) domains are present in a variety of speckle-associated 235 proteins (Jeong, 2017; Shepard and Hertel, 2009) (Table S3 ). RS domains can be 236 sufficient to promote speckle incorporation , and are known to 237 undergo extensive serine phosphorylation (Colwill et al., 1996; Gui et al., 1994; Zhou 238 and Fu, 2013). Thus, RS domains appear to be R-MCDs whose net-charge can be 239 tuned through phosphorylation. To investigate the behavior of isolated RS dipeptide 240 repeats, we made synthetic RS sequences of 20-50 repeats. Upon expression as 241 mGFP-fusions in HeLa cells, all these sequences undergo a degree of 242 phosphorylation as revealed by phosphatase treatment ( Figure S5A ). RS 20 -mGFP is 243 diffusely distributed through the nucleoplasm, and RS 30 and RS 40 form small foci in the 244 nucleoplasm that do not appear to be associated with speckles (Figures S5B-C). By 245 contrast, RS 50 -mGFP co-localizes with the speckle marker SRSF1. However, it also 246 forms bright foci at the speckle periphery that exclude SRSF1 ( Figure 5A Figure S2A ) (Jeong, 2017; Shepard and Hertel, 2009 ). To better understand the 265 interplay between R-MCDs and folded domains, we examined the behavior of the RNA 266 recognition motif (RRM) from the splicing factor SRSF2 alone and in combination with 267 RD 50 ( Figure 5D ). As compared to full-length SRSF2, its RRM (RRM SRSF2 ) is weakly 268 incorporated into speckles and has no tendency towards enrichment in the nucleolus 269 Starting with the net neutral MCD, regularly spaced substitutions for oppositely 286 charged residues allow the systematic variation of net-charge per residue from zero 287 to +0.1, +0.2 (or -0.1, -0.2) ( Figure 6A ). Increasing net-positive charge in the R-MCDs 288 progressively enhances speckle residency ( Figure 6B ). This is reflected in enlarged 289 speckles ( Figure 6C ), an increasing speckle to nucleoplasm signal ratio ( Figure 6D ), 290 and slower FRAP recovery ( Figure 6E ). By contrast, increasing the net-positive charge 291 in K-MCDs has little effect on speckle incorporation, but instead leads to increased 292 accumulation within the nucleolus (Figures 6B, 6D and 6F). Increasing the net-293 negative charge of the R-MCD abolishes speckle incorporation, leading to diffuse 294 localization throughout the cell ( Figure 6B ). This suggests that negatively charged 295 residues counteract the condensation-promoting effect of arginine. In vitro behavior 296 further supports the idea that the speckle-residency of the R-MCD variants is directly 297 related to their propensity to undergo condensation. The R-MCD variant with a net-298 charge per residue of -0.1 is unable to undergo condensation, even in low salt buffer. 299
By contrast, the net-neutral R-MCD shows modest activity, while the most robust 300 condensation and highest degree of salt-resistance is observed with the highest net-301 positive charge variant ( Figures 6G and S6B) . 302
The patterning of charged residues has previously been shown to influence 303 electrostatically-mediated phase separation and can be quantified by the parameter 304 kappa (k), which ranges between zero for fully mixed charges to one for fully 305 segregated charges (Das and Pappu, 2013; Lin and Chan, 2017; Pak et al., 2016) . 306
Because net-charge per residue variants simultaneously vary net-charge and charge 307 patterning, we produced net-neutral charge segregated RD variants in which repeats 308 consisted of clusters of five (R5D5 10 ) or seven (R7D7 7 ) like-charged residues (Figure 309 sequences of MCDs appears to promote condensation, the effect is not specific to 313 speckles and its magnitude is small compared to that achieved by increasing net-314 charge through R. Together, these results show that R-MCDs can control the material properties of 325 speckle condensates through heterotypic interactions that extend to RS-domain 326 containing proteins. 327
To determine the functional impact of expressing high-net charge R-MCD 328 variants, we used fluorescent in situ hybridization to localize total polyadenylated 329 (Poly(A)) mRNA with Cy5-oligo-dT 30 ( Figure 7A ). In cells expressing mGFP alone, or 330 the net-neutral R-MCD, Cy5-oligo-dT 30 signal is present in speckles and is uniform in 331 the cytosol. In this group of transformants, there appears to be little variation in the 332 overall staining pattern, which has a similar appearance in untransformed cells. By 333 contrast, in cells expressing net-positive R-MCDs, Cy5-oligo-dT 30 reveals significantly 334 higher levels of poly(A) mRNA in speckles as compared to untransformed cells, or 335 those expressing the net-neutral R-MCD ( Figures 7A-B ). Interestingly, accumulation 336 of mRNA in the nucleus appears to be accompanied by a concomitant decrease in 337 signal from the cytosol ( Figure 7A ). Moreover, the magnitude of this effect as 338 measured by the ratio of average signal density in the nucleus to that in the cytosol 339 correlates well with the expression level of net-positive R-MCD variants ( Figure 7C ). 340
As with the effect on condensation and speckle size, the variant with the highest net-341 positive charge has the strongest effect. Together, these data show that increasing 342 speckle cohesion results in the aberrant accumulation of mRNA within speckles. The 343 loss of cytosolic mRNA signal further suggests significant defects in mRNA export. Synthetic sequences provide a powerful tool to explore the relationship 375 between sequence composition, patterning, and phase behavior of IDRs. For pure RD 376 repeats, condensation and speckle incorporation activities respond similarly to 377 increasing repeat number ( Figures 1A-B and 1E ). Interestingly, unlike shorter variants, 378 RD 60 -mGFP forms rod-shaped assemblies in the nucleus that exclude a marker of 379 nuclear speckles ( Figures 1A and S1E ). This suggests that at high valence, RD-repeat 380 sequences begin to favor self-association over the heterotypic contacts that drive them 381 into speckles. In other systems, R has been shown to contribute to condensate 382 formation through interactions with aromatic residues ( Transiently transfected cells were cultured for 48 hours before washing once with PBS 560 then fixing with 2% paraformaldehyde, 4% sucrose in PBS for five minutes at room 561 temperature. Fixation was quenched with 100 mM glycine in PBS. Cells were 562 permeabilized with 0.25% Triton X-100 in PBS for 10 minutes before washing twice in 563 PBS. Blocking was carried out with 5% BSA, 5% normal goat serum and 0.05% Triton 564 X-100 in PBS at room temperature for at least one hour. Rabbit anti-Fibrillarin (Abcam, 565 ab5821) was diluted to 1:1000 in blocking solution and was incubated overnight at 4°C 566 in a humid chamber. Cells were washed three times for five minutes with PBS 567 containing 0.05% Triton X-100. The secondary antibody, goat anti-rabbit Dylight-405 568 (Thermo #35551), was diluted 1:1000 in blocking buffer and incubated with the cells 569
for one hour at room temperature in a humid chamber. Cells were washed as above 570
and then mounted in 90% glycerol-PBS for imaging. Cells were imaged as stated 571 above. The compressed z-stack of all 10 sections is shown in Figure S1E . 580 581
Imaging fixed mammalian cells 582
Paraformaldehyde-fixed cells were imaged on a Leica SP8 inverted confocal 583 microscope with a 63x oil-immersion objective of N.A. 1.4. Images were acquired at 584
Nyquist sampling rates, with a 51 nm pixel size in 140 nm z-sections at a scan speed 585 of 400 Hz with 4x line averaging. For mGFP imaging, the fluorophore was excited at 586 488 nm with 5% laser power and the detector set to 500-550 nm at maximum 50% 587 gain. For mCherry Imaging, the fluorophore was excited at 587 nm and the detector 588 set to 600-650 nm with 50% gain. For staining using dylight405 the fluorophore was 589 excited at 405 nm with the detector set at 405-420 nm with 50% gain. For Cy5-oligo-590 dT 30 staining the fluorophore was excited at 631 nm with the detector set at 650-700 591 nm at 40% gain. Images of nuclei are compressed z-stacks covering the entire nucleus 592 
Quantification of speckle/nucleolar incorporation 613
The speckle or nucleolar enrichment is calculated as the average signal density in the 614 speckle or nucleolus divided by the average density in the nucleoplasm. A 1:1 ratio is 615 taken to indicate no enrichment and is set to zero for the graphs. Images of co-616 expressed mCherry-SRSF1 or Fibrillarin staining were thresholded to define a speckle 617 or nucleolus mask, respectively. The periphery of the nucleus was manually assigned. 618
An mCherry-SRSF1 mask was used to calculate the speckle area in Figure 6 . In some 619 cases, Nucleoli were defined through a nucleoplasmic void defined by the speckle 620 marker. For Figure 3C , speckle and nucleolar signal are shown as a fraction of the 621 total nuclear signal. For Figure 1 and S1, mCherry-SRSF1 signal was used to define 622 speckles. five areas inside speckles and five areas in the nucleoplasm (total area of 623 1.055μm 2 ) were used to generate an average signal density for each compartment. 624
Enrichment was determined as defined above. 10 nuclei were analyzed for each 625 transfection. All statistical analysis was carried out with a student's t-test. 626 627
Fluorescence recovery after photobleaching (FRAP) 628
For in vivo FRAP, HeLa cells were transiently transfected in 8-well chamber slides for 629 48 hours. Cells were then washed in pre-warmed DMEM without phenol red (Gibco) 630 and incubated in this medium. Slides were incubated in a live-cell imaging (37°C, 5% 631 CO 2 ) stage top incubator (Tokai Hit) mounted on an Olympus FV3000 laser scanning 632 confocal microscope fitted with a 60x lens of N.A. 1.3. 20 frames were taken at 633 maximum acquisition speed for one-way scanning before nuclear speckles were 634 bleached with 50% laser power for one frame, then 130 subsequent frames were taken. 635 FRAP analysis was carried out using cellSens software (Olympus). Normalization was 636 carried out against frames 5-15 with background subtracted from outside of the 637 imaged cell. Half-times for recovery (t 1/2 ) were calculated using the initial plateau of 638 the recovery curve. Quantification was carried out from 10 separate experiments 639
For the FRAP of condensates formed in vitro (see below), proteins were diluted 640 to 10 µM with a final buffer composition of 10 mM Tris-HCl pH 7.4, 150 mM NaCl and 641 1 mg/ml BSA, before addition of PEG to a final concentration of 10%, unless otherwise 642 stated. Assemblies were left to form for one hour at room-temperature before imaging 643 on an Olympus FV3000 inverted microscope at 100x magnification N.A. of 1.4. Three 644 pre-bleach frames were taken before samples were bleached with 10% laser power 645 at maximum speed for one frame before following the recover every 10 seconds for 646 up to five minutes. The FRAP data were normalized as for the in vivo experiments, 647 with quantification taken from five separate experiments. 648 649
Denaturing purification of MCDs 650
MCD sequences were expressed as C-terminal Thrombin-6xHIS fusions in BL21 DE3 651 E. coli. Overnight grown cultures were diluted 1:20 into fresh LB medium at 30°C and 652 expression was induced with 0.5 mM Isopropylthiogalactoside (IPTG) once the culture 653 had reached an OD 600 of 0.7. After four to five hours, cultures were harvested by 654 centrifugation at 3,000 x g for 15 minutes at 4°C, washed once with ice-cold PBS and 655 the pellets then frozen at -80°C. Pellets were re-suspended 8 M Urea, 100 mM 656 NaH 2 PO 4 10 mM Imidazole, 10 mM Tris pH8.0, before 10 rounds of sonication on ice 657
for 30 seconds at 30 W with 30 second intervals between. Insoluble material was 658 pelleted at 18,000 x g for 20 minutes at 4°C. The supernatant fraction was incubated 659
with HisPur Ni-NTA resin (Thermo #88223) in 20 mM Imidazole at 4°C for one hour 660 with gentle agitation. The Ni-NTA resin was then washed three times with 10 bead 661 volumes of lysis buffer containing 20 mM Imidazole, before elution in lysis buffer 662 containing 350 mM imidazole. Samples were concentrated in three or 10 kDa 663 molecular weight cutoff columns (Amicon #800010) before being flash frozen. 664 665
Purification of mGFP/mCherry-fusion proteins 666
Sequences were expressed with an N-terminal mGFP/mCherry and a C-terminal TEV-667 6xHIS tag in BL21 DE3 E. coli. Stationary phase cultures were diluted 1:20 into fresh 668 LB media at 28°C, and expression was induced with 0.5 mM IPTG once the culture 669 had reached an OD 600 of 0.7. Expression was carried out for 6-18 hours at 28°C 670 agitating the culture at 175 rpm. Cells were harvested, washed once with ice-cold PBS 671 and the pellets frozen at -80°C. Cell pellets were resuspended in approximately five 672 volumes of lysis buffer (50 mM NaH 2 PO 4 pH 8, 1 M NaCl, 10 mM Imidazole, 2 mM 673 PMSF and protease inhibitor cocktail (Roche #4693132001). Cells were lysed by 674 sonication on ice for 12 x 30 seconds at 30 W with one minute on ice in between. 675
Insoluble material was pelleted at 18,000 x g for 20 minutes at 4°C. The supernatant 676 fraction was incubated with HisPur Ni-NTA resin (ThermoFisher #88223) in 20 mM 677 Imidazole at 4°C for 1 hour with gentle agitation. The bound resin was then washed 3 678 times with 10 volumes of lysis buffer containing 20 mM Imidazole, before elution in 679 lysis buffer containing 350 mM imidazole. Eluted fractions were concentrated in a 10 680 kDa molecular weight cutoff column (Amicon #800010), and the 6xHIS tag was 681 removed by TEV cleavage (AcTEV, ThermoFisher #12575015) overnight at 4°C. His-682 cleaved proteins were further purified by size-exclusion chromatography on a 683 Superdex 75 10/300 (GE # 17517401) column attached to an AKTA Purifier fast 684 protein liquid chromatography device (GE #29148721) in a 50 mM tris pH 7.4, 1 M 685 NaCl buffer. Purified proteins were concentrated in this buffer and aliquots flash-frozen 686 before storage at -80°C. 687 688
In vitro phase separation assays of MCDs 689
Proteins were defrosted on ice and then diluted to the desired concentration in the 690 denaturing lysis buffer. 100 µL samples were placed in Slide-A-Lyzer mini dialysis 691 cups with a two kDa molecular weight cut-off (ThermoFisher #69553). Samples were 692 dialyzed against a 10 mM Tris pH 7.4 buffer with 150 mM NaCl unless otherwise stated. 693
Dialysis was left to proceed at room temperature for 24-48 hours before imaging or 694 downstream sample processing. For imaging, condensates were gently pipetted to 695 release them from the dialysis membrane and then visualized at 100x magnification 696 using a DIC filter on an Olympus BX51 microscope fitted with a CoolsnapHQ camera 697 (Photometrics) controlled by Metamorph. To determine the fraction of the protein that 698 had condensed, the contents of the cups was gently resuspended by pipetting and 699 transferred to a low-bind Eppendorf tube. 50 µL of sample was centrifuged at 100,000 700
x g for 30 minutes at 4°C. The supernatant was removed and boiled in loading dye. 701
The pellet was resuspended in 50 µL of dialysis buffer before boiling in loading dye. 702
Total post-dialysis (T), 100,000 x g supernatant (S) and 100,000 x g pellet (P) samples 703 were run on a 15% SDS-PAGE gel. The relative amounts in each fraction were 704 determined by staining with InstantBlue (Sigma #ISB1L). For quantitation, the gels 705 were imaged with a LiCor odyssey scanner. To obtain the percentage of condensed 706 material, the signal of band for the pellet fraction is represented as a percent of the 707 total. The averages from three independent experiments are shown. 708 709
In vitro phase separation assays: mGFP/mCherry-fusion proteins 710
Protein aliquots were defrosted on ice before centrifuging at 20,000 x g for 20 minutes 711 at 4°C to pellet any aggregated material. Samples were diluted in low-bind Eppendorf 712 tubes to 10 µM with a final buffer composition of 10 mM Tris pH 7.4, 150 mM NaCl, 1 713 mg/ml Bovine serum albumin (BSA). To simulate macromolecular crowding, 714 polyethylene glycol (PEG) 3,350Da was added from a 50% stock to give the desired 715 concentration. Samples were mixed well by gentle pipetting and incubated for one 716 hour at room-temperature before imaging at 100x magnification on an Olympus BX51 717
Microscope. For production of figures, a maximum projection of five different areas is 718
shown. For the quantification shown in Figure 6G the condensates formed by dilution 719 were submitted to centrifugation at 100,000 x g, with the total, supernatant and pellet 720 fractions being analyzed as described above. For co-assembly experiments (Figure  721 2D), both proteins were diluted to 10 µM, with the same final buffer composition as 722 above. PEG 3,350 Da was added to 10% to simulate macromolecular crowding. 723
Samples were well mixed and left for one hour at room temperature before imaging 724 as above. Tables with title and legends  731   732   Table S1 . MCDs in the human proteome. 733 Table S2 . Sequence parameters of MCDs studied in Figure 2 . 734 Table S3 . Predicted RS proteins and GO enrichment analysis. 735 Table S4 . Plasmids and protein accessions. Condensates are found in the pellet fraction following centrifugation at 100,000 x g. Total (T), supernatant (S) and pellet (P) fractions are shown. C. The appearance of SPA-5 MCD and RD 50 condensates is shown by bright field (BF) (upper panels) and scanning electron microscopy (SEM) images (lower panels). D. Quantification of the percentage of total SPA-5 MCD and RD 50 that pellet following condensation at the indicated protein concentrations. E. Quantification of speckle enrichment (in vivo) and condensation (in vitro) for the indicated RD variants reveals similar length-dependency. The degree of condensation is quantified as the fraction of pelleting material as compared to the total input. Average values are derived from three experiments as shown in part B. Speckle enrichment is the average speckle signal density divided by the average nucleoplasmic signal density, with the value of one set to zero. F. FRAP recovery curves for the indicated condensates. Insets show images of representative recoveries at the indicated time points. Figure S1 contains Diagram of the charge distribution in sequences designed to vary net-charge per residue (NCPR) between -0.2 and +0.2. Blue: positively charged residues, Red: negatively charged residues. The extent of charge mixing is indicated with the kappa (κ) value. B. Images of representative nuclei from cells expressing the indicated mGFP-fusions. mCherry-SRSF1 identifies speckles. C. Quantification of the fraction of nuclear area occupied by speckles for cells expressing the indicated R-MCD net-charge variants. D. Quantification of speckle enrichment for the indicated MCD net-charge variants, as in Figure 1E . E. Half-times of FRAP recovery for the indicated R-MCD net-charge variant labelled speckles. F. Quantification of nucleolar enrichment for the indicated net-charge variants, as in Figure 5F . G. In vitro condensation assays of the indicated R-MCD net-charge variants. Proteins were diluted to 10 µM at the indicated salt concentration and condensation was quantified by centrifugation as in Figure 1B 
